Increasing human activity, including commercial and noncommercial use of pharmaceuticals, personal care products, and agricultural products, has introduced new contaminants that can be challenging to remove with currently available technologies. Pharmaceuticals, in particular, can be especially challenging to remove from the water supply and can pose great harm to people and local ecosystems. Their highly stable nature makes their degradation with conventional water treatment techniques difficult, and studies have shown that even advanced treatment of water is unable to remove some compounds. As such, decontamination of water from pharmaceuticals requires the development of advanced technologies capable of being used in indirect and direct potable water reuse. In this review, we discuss pharmaceutical removal in indirect potable water treatment and how recent advancements in adsorption and photocatalysis technologies can be used for the decontamination of pharmaceutical-based emerging contaminants. For instance, new materials that incorporate graphene-based nanomaterials have been developed and shown to have increased adsorptive capabilities toward pharmaceuticals when compared with unmodified graphene. In addition, adsorbents have been incorporated in membrane technologies, and photocatalysts have been combined with magnetic material and coated on optical fibers improving their usability in water treatment. Advancements in photocatalytic material research have enabled the development of highly effective materials capable of degradation of a variety of pharmaceutical compounds and the development of visible-light photocatalysts. To understand how adsorbents and photocatalysts can be utilized in water treatment, we address the benefits and limitations associated with these technologies and their potential applicability in indirect potable water reuse plants.
INTRODUCTION
Potable water can be considered the most important human need. However, human activities have introduced dangerous contaminants in water systems requiring a multibarrier treatment approach to purify water for potable use. From the Ganges River Basin in India to the surface water in Milan, contaminants such as pharmaceuticals and personal care products have been detected. [1] [2] [3] [4] [5] [6] [7] [8] [9] These contaminants are difficult to remove and can cause harm not only to humans but to wildlife and local ecosystems as well. Pharmaceuticals, personal care products, persistent organic pollutants, methanesulfonic acids, artificial sweeteners, transformation products, and engineered nanomaterials have all been identified as current contaminants of emerging concern (CECs). [10] [11] [12] [13] In this review, we focus on emerging pharmaceutical contaminants (EPCs) because of their potential adverse effects to humans and the ecosystem ( Table 1) . For instance, EPCs such as antibiotics can give rise to antibiotic resistant bacteria, which can cause irreparable harm to humans and the ecosystem.
Although detection of alarming concentrations of EPCs in wastewater streams has been a major concern for years, the true fate of some EPCs continues to be understudied. With the currently available information, it can be clearly seen that EPCs bioaccumulate in animal and plant tissues and often persist in the environment. 14, 15 For example, antibiotic presence in water and related ecosystems is already leading to an increase in antibiotic resistant bacteria. 9, 16 More alarming is the amount of these contaminants ending up in effluent streams as a result of their continuous usage in the treatment of various diseases. As such, the existence of EPCs in water sources is a globally important issue requiring increased attention on how non-target organisms are affected and how EPCs can be removed from potable water.
Due to the multiple concerns surrounding the decline of freshwater resources and increasing water demand, water reclamation and reuse projects are widely popularizing all around the world. [17] [18] [19] With CEC detection in freshwater sources and revelations about CEC harm on human health and safety, potable water treatment facilities require careful design of additional steps to ensure water is safe for consumption. [20] [21] [22] Conventionally, harmful contaminants are removed from wastewater with a multiple barrier approach. 20, 22, 23 Primary and secondary treatment techniques are well established and capable in removing dissolved organic matter as well as larger particles (suspended particles and biodegradable solids are removed via physical and biological means, respectively). 19, 24 In the case of CECs, many stable and non-biodegradable compounds can survive these steps requiring further treatment. 23, 25 The next treatment step is determined by different water reuse downstream approaches, which can be categorized as unplanned, direct, and indirect. The unplanned potable reuse water cycle is the simplest, where treated water is released to a natural water system after the primary and secondary treatment steps. 19, 23, 24 Both direct and indirect potable reuse plants contain a tertiary (advanced) treatment step before being released from the plant. This step can include one or more of the following processes: membrane filtration, carbon adsorption, ion exchange, chlorination, and advanced oxidation processes (AOPs), such as ozone and UV radiation. 23, 24, 26 Selection of the appropriate combination of tertiary operations in a water treatment plant is important as contaminants that are not removed by primary and secondary processes, such as CECs, are often removed with advanced processes. 26, 27 However, even these energy-intensive methods may not fully decontaminate water from CECs and may result in the generation of harmful byproducts. 28, 29 While direct potable reuse water plants feed treated water from the tertiary step to the distribution system located before a drinking water treatment plant, indirect potable reuse plants purposely release it to a natural water source such as a surface water reservoir, river, sea, or groundwater aquifer 19, 23, 24, 30 (Fig. 1 ). Direct potable water reuse is a common practice in areas with few source waters and high demands. Indirect potable reuse plant operation is plausible only when there is an adequate natural system downstream. The effluent from the treatment plant is expected to be held in the environmental buffer for a specified retention time where the water can be treated by natural processes such as direct photolysis, adsorption, filtration through natural media, and natural microbiota. [30] [31] [32] Certain CECs can travel through the water subsurface for up to 60 days, therefore, a longer time in the buffer may reduce CEC concentrations in the source water making it cleaner for the subsequent drinking water treatment step. 33, 34 However, communities with limited natural recharge opportunities may be unable to accommodate long lag times between the discharge and reuse steps. 31 The possibility of artificial recharge systems resembling natural buffers has been raised as a method overcoming such limitations. 31, 35 It is important to note that uncertainties related to removal and potential hazards of unremoved contaminants can account for a considerably larger proportion of the associated risk of maintaining the plant. 36 In terms of cost, indirect potable water treatment can cost more than the direct potable treatment mainly due to the environmental buffer used along with the indirect potable reuse plant. Although, the cost of water treatment after the environmental buffer is less for the indirect potable reuse plants as they receive much cleaner source water making it easier to treat. Furthermore, inclusion of reverse osmosis or other advanced treatment techniques increases treatment plant cost, however, currently, these techniques are the most successful in removing most pharmaceutical contaminants. 31, 37, 38 Therefore, application In this review, we focus on the advancements in nanotechnologies using adsorption or photocatalysis to decontaminate water from pharmaceutical contaminants. Adsorption and photocatalysis are the two most widely studied water purification methods due to their effectiveness and potential scalability. Due to the popularity of such material in research, literature presenting carbon-based adsorbents and/or photocatalysts for the removal of pharmaceuticals have been published in recent years. [39] [40] [41] [42] In this review, we compile additional recent studies on graphenebased adsorbents and a wide range of photocatalysts without limiting the material presented to TiO 2 -based photocatalysts. In addition, we present recent advancements on modifications that have been made on adsorbents and photocatalysts to increase their applicability in water treatment. For instance, we present studies incorporating adsorbents on membranes and studies on magnetic photocatalysts and photocatalysts immobilized on optical fibers. Furthermore, we focus on discussing the limitations of the material as well as the limitations of available research in determining whether these materials can be utilized in water treatment facilities to reduce EPCs released in the environment, which has not been previously discussed in other review articles.
TECHNOLOGICAL ADVANCEMENTS
Utilization of nanomaterials such as graphene and metal-based nanoparticles in water treatment has shown promise due to their superior adsorptive and photocatalytic properties enabling removal and breakdown of harmful EPCs. Figure 2 shows a pictorial representation of the adsorptive and photocatalytic removal of contaminants.
In this section, we present some of the recent investigations on pharmaceutical removal from water using nanomaterials such as carbon-based nanomaterials and photocatalysts. We focus on understanding these technologies and their applicability in indirect potable water treatment processes. Additionally, we address the benefits and limitations of the nanomaterials and speculate about potential new research strategies.
Advancements in adsorption using nanomaterials Adsorption processes utilizing carbon-based nanomaterials are considered effective in removing organic and inorganic matter from water. Adsorption is defined as a surface phenomenon where organic and inorganic matter attaches to an adsorbent's surface by adhesion arising from physical-chemical forces mainly caused by van der Waals and electrostatic interactions.
An effective adsorbent must present a number of different properties such as being inert, biocompatible, resistant to mechanical forces, and needs to exhibit a high adsorption capacity to guarantee waste removal. These features are Contaminants such as pharmaceuticals, microorganisms, and harmful ions can be present in water. To prepare contaminated water for potable use, it first goes through a wastewater treatment plant and is subsequently released in the environment (in lakes, reservoirs, and groundwater) where decontamination of water can occur through natural processes. To ensure all microorganisms and harmful contaminants do not reach the end user, the water undergoes a drinking water treatment before being released to the community. important as they can determine the utility of the material. Adsorption processes depend on a number of factors including: temperature, pH, concentration of pollutants, contact time, particle size, and the physical and chemical nature of the adsorbate and adsorbent. For example, pH can influence adsorption capacity by altering the surface groups present on the adsorbent and the pollutant charge, 43 and an increase in temperature can improve adsorption capacity in endothermic reactions. In ibuprofen adsorption on activated carbon (AC), adsorption is more favorable at pH 3 than at pH 7. 43 Additionally, as temperature is increased at pH 3, adsorption of ibuprofen has shown to increase. 43 Depending on the adsorbent utilized, increasing contact time with the pollutant can increase the adsorbed amount since the time required for the adsorbent to become saturated varies depending on the surface and solution chemistry. Thus, a material can be a good adsorbent in a certain system and not in other systems. 44 The number of aromatic rings and the chemical structure of EPCs make the adsorption process suitable for their removal from water. EPCs with more aromatic rings show faster adsorption rates. 45 Generally, in graphene-based nanomaterials, this process is dominated by non-electrostatic interactions such as π-π interactions between the aromatic rings, 46 hydrophobic interactions, 47, 48 H-bonding interactions due to the presence of COOH, OH and NH 2 functional groups, 49 and electrostatic interactions. 50, 51 Nanotechnology, while unexplored in industrial scale adsorption processes, creates a great opportunity to guarantee effectiveness of water treatment processes for EPC removal. AC is the current industrially used adsorbent. However, there are different adsorbents suitable for EPC removal that can replace AC including materials such as graphene, carbon nanotubes (CNTs), clay minerals, siliceous adsorbents, and polymeric materials. Graphene and graphene-based nanomaterials are being considered above all as good candidates for water treatment applications due to their unique structures and properties. [52] [53] [54] [55] They demonstrate appreciably fast adsorption kinetics due to their large surface area to volume ratio and other physiochemical properties, such as the π-π electron donor acceptor and electrostatic interaction with contaminants. 56, 57 The conjugated π region of graphene is capable of removing organic and inorganic contaminants by attracting aromatic pollutants. 58 Graphene has been employed for several applications and is receiving increasingly more attention in water treatment. Different attempts have been made to modify graphene's surface to increase its adsorption capacity and reusability (see Table 2 ).
Reduced graphene oxide [57] [58] [59] and graphene 52, 60 have shown lower adsorption capacities for the majority of the reported EPCs compared to graphene oxide. 61, 62 This can be attributed to the increased hydrophobicity and decreased number of oxygen functional groups on the surface, which would hinder adsorption of EPCs present in water. The modification of graphene oxide with Fe 3 O 4 , 53 MnO 2 , 54 Fe/Cu 55 and the preparation of graphene hydrogels 56 exhibit low surface area, however, show larger adsorption capacities compared to the unmodified graphene. These modifications can alter the hydrophobicity of the composites and introduce different functional groups on its surface that promote more EPC removal. It is worth to note that while these material properties seem to enhance the adsorption capacity, the surface area can also play a role in the adsorption process. Increasing the surface area can effectively increase the number of sites EPCs can adsorb to, thus, increasing the adsorption capacity of the material. Comparing the adsorption capacity of magnetic chitosan grafted GO composite 63 and activated graphene, 64 we can see that activated carbon has a higher adsorption capacity towards ciprofloxacin (194.6 mg/g) than the magnetic chitosan grafted GO composite material (36.17 mg/g). This could be due to the differences in surface area. Activated graphene has a larger surface area (512.65 m 2 /g) than the magnetic chitosan grafted GO composite (388.3 m 2 /g), which can allow for increased adsorption of ciprofloxacin. While surface area can play an important role, comparison of material based on the resulting adsorption capacity can be more informative since it can be a better indicator as to the performance of the material. For instance, several materials with large surface area have lower adsorption capacities than materials with smaller surface areas. For example, graphene hydrogel 65 Table 2 , the adsorption process by nanomaterials is a fast and effective method for EPC removal from aquatic environments. Most examples showed more than 50% removal of different EPCs, and several demonstrated removal efficiencies of more than 99%. However, adsorption processes have the disadvantage that the EPC attaches to the adsorbent limiting material reusability and creating a potential new environmental contaminant after disposal. While the interaction between the EPC and the adsorbent is not permanent, an extra step in the removal process must be included to separate the two. Some investigations propose the use of organic solvents or changes in the pH of the media to remove the organic molecule from the adsorbent. 46, 67 Currently, high cost and reusability are the two main problems associated with (graphene oxide) GO and GO-based nanomaterial since the preparation and subsequent purification of such material are exhausting and time-consuming processes. While production of reusable nanomaterial can reduce the overall cost, the strong electrostatic interactions of the material might influence the adsorption/desorption equilibrium and also influence its reusability making this nanomaterial inefficient for reuse. 68 For example, long washing process periods 69 and variation in the pH 46, 70 need to be performed to remove the CEC. Thus, making large-scale production, high cost, and reusability some of the unresolved problems associated with GO and GO-based nanomaterials, which can hinder their use in environmental pollution management.
However, keeping in mind the rapid growth and development in science and technology, material reusability problems are expected to be solved in the near future, which is an important factor for the potential application of GO and GO-based nanomaterials on a commercial scale. Although only a few studies investigate graphene-based adsorbent reusability for EPC, advancements in graphene nanomaterial reusability have allowed increased utilization of a single batch of material reducing the need for additional material purchases. For instance, GO has demonstrated high removal of metformin even after undergoing five sorption/desorption cycles in which sodium hydroxide and Milli-Q water were used to desorb metformin from the GO. The GO had a 31.60 mg/g absorption capacity after five cycles. 46 Furthermore, a laccase-GO/alginate composite was used to remove cetirizine from solution where the material was washed with distilled water and acetate buffer after each removal experiment to recycle the adsorbent, and demonstrated a 23% reduction from the original 98% in cetirizine removal after four cycles. 69 Adsorbents can also be modified with catalysts or photocatalysts to increase their removal capacity. Modification of graphene with catalysts, for instance, can make the sorption process easier and faster since CEC degradation will occur. 71 Ultimately, as with any material, the lifetime of graphene-based material is finite, as such, its disposal will be required. Used graphene-based material can undergo similar disposal procedures to the currently utilized adsorbents in water treatment plants, which tend to forgo regeneration procedures in the United States. While the biocompatibility of graphene and graphene-based nanomaterials in terms of their antibacterial properties, [72] [73] [74] [75] [76] [77] [78] [79] antifungal properties, 80, 81 and cytotoxicity on human cells [82] [83] [84] [85] [86] has been demonstrated for biomedical and environmental applications, only a few human cell lines have been studied. Hence, additional research is necessary before determining the health and environmental impacts of graphene.
Advanced application of adsorbents As previously mentioned, there are several advanced processes for water treatment applications. Membrane processes are one of such advanced processes, which have gained significant popularity in EPC removal due to their effectiveness and scalability. Membranes can be used as part of microfiltration, ultrafiltration, nanofiltration, or reverse osmosis systems removing pollutants from water by acting as a physical barrier against contaminants. While nanofiltration and reverse osmosis membranes are highly effective, they require more energy than microfiltration and ultrafiltration membranes. As such, different membrane technologies are continuously being investigated, such as ceramic membranes, 87, 88 polymer membranes, 89, 90 metal-organic frameworks, 67 or other advanced membranes. 91 While a vast variety of membranes exist, polyamide-based membranes are one of the most commonly used membranes for EPC removal. [92] [93] [94] [95] [96] [97] Their properties, such as their porosity, fouling, stability, and hydrophilicity, can be altered by changing the polymerization conditions via the use of different monomers. 98 Furthermore, these properties can be altered via the use of membrane coatings such as AC and graphene-based material. For example, graphene and GO have been incorporated into different polymer membranes to alter their properties and make them more effective for water treatment. In particular, poly(N-vinylcarbazole) (PVK), polyamide, and polysulfone membranes modified with GO have shown antimicrobial inactivation and improvement of water flux across the membrane. 72, [99] [100] [101] [102] [103] The modification of ceramic membranes with graphene was able to remove different pharmaceutical compounds from 32 to 99%. 87 However, when the coating was with GO, the membrane was only able to remove approximately 50% of the EPC. 88 Furthermore, polymer membranes such as polyamide membranes 89 were able to remove 50 to 95% of the pharmaceutical compound studied. 97 The modification of polysulfone with graphene oxide showed efficiencies in removal higher than 90%. The inclusion of GO and AC in polymer ultrafiltration membranes has also shown to improve the retention of pharmaceutical compounds. The oxygen rich structure of GO has been shown to increase hydrophilicity, decrease pore size, as well as increase electrostatic repulsion, thereby, improving its removal mechanism of contaminants for water treatment. 88 In particular, GO coated membranes were shown to retain approximately 20% more of the pharmaceuticals (ibuprofen and sulfamethoxazole) than the uncoated ultrafiltration membrane. 88 Furthermore, 0.22 μm membranes coated with GO and AC have shown 98.9% removal of tetracycline hydrochloride via vacuum filtration. 104 Since very little information about pharmaceutical removal is out there, assumptions about the behavior towards pharmaceutical removal are complicated, however, the inclusion of graphene and graphene oxide have been a probe to exhibit good antimicrobial and durability properties. 72, 99, 105 Although incorporation of AC and graphene-based nanomaterial onto membranes has shown increased EPC removal, research exploring such membranes is vastly underexplored. Immobilization of adsorbents on membrane technologies could enable effective EPC removal. Furthermore, the lifetime and potential reusability of the material could be improved. In particular, evaluation of sorbent material reusability is necessary due to the continuously increasing demand for sustainable wastewater treatment systems. Therefore, coated membrane technologies should be further studied, and desorption and recyclability tests should also be taken into consideration for potential reusability.
Photocatalysis
Photocatalysts-semiconducting materials, typically metal oxides, such as titanium oxide and zinc oxide-rely on their ability to absorb light and generate reactive oxygen species (ROS), which are responsible for the degradation of pollutants. 106, 107 Composites consisting of metal doped semiconductors, as well as adsorbent materials combined with semiconductor materials can be used for photocatalytic processes. Table 3 presents recent photocatalysts shown to degrade EPCs, some of which have been modified with graphene-based materials to increase the adsorptive and degradative properties of the composites.
As Fig. 2 depicts, once light hits the surface of the photocatalyst, if the light is equivalent to or greater than the material's bandgap, electrons in the material's valence band can be excited and can then jump to the conduction band creating an electron-hole pair. The generated electron-hole pair is responsible for the subsequent redox reactions that ultimately degrade pollutants. The method by which they degrade EPCs can be complex. Briefly, the electron is responsible for the reduction of dissolved oxygen to form the superoxide anion (⦁O 2 − ), and the hole is responsible for the oxidation of water forming hydrogen gas and the hydroxyl radical (⦁OH). The superoxide anion and hydroxyl radical are oxidative agents, which are capable of degrading a variety of different compounds. Photodegradation can follow complex pathways depending on the contaminant structure, contaminant concentration, water chemistry, experimental conditions and nanomaterial loading. For example, sulfa drug (e.g. sulfachlopyridaxine, sulfapyridine, sulfisoxazole) degradation has been found to be dominated by hydroxyl radicals and holes created during photocatalysis. 108 Holes are thought to initiate the reaction by breaking the sulfur-nitrogen bond of the drug followed by hydroxyl radical incorporation in the sulfa drug structure, which ultimately dominates the breakdown of the drug. 108 In paracetamol photocatalytic degradation, the hydroxyl radical is also the predominant reactant causing the hydroxylation and breakdown of the aromatic rings. 29, 45 The compounds formed due to the hydroxylation of paracetamol (ex. hydroquinone) are further oxidized producing unstable structures, which break down in aqueous solutions. 29 Furthermore, it has been found that when the concentration of the superoxide anion is greater than the hydroxyl radical, the superoxide anion is also capable of degrading paracetamol by acting as a Lewis acid. 29 Recent advancements in photocatalysts have effectively enabled the degradation of numerous EPCs as shown in Table 3 . However, photocatalysts present several limitations that need to be overcome to increase their effectiveness. Inherently, they require energy to overcome the bandgap energy required for electron excitation. However, they may require additional energy due to insubstantial light penetration and absorption, which effectively increase cost requirements due to the increased power needed for UV lamps. 109, 110 Furthermore, recombination rate, charge carrier transfer rate, and charge carrier travel time can further limit the photocatalytic efficiency of the material. 111 To improve efficiency, material alterations, such as structural changes or doping can be performed. 109 These methods can make the bandgap smaller and may also decrease recombination rates. In addition to bandgap engineering, use of plasmonic material can further lower energy requirements. 109, 110 Another limitation of photocatalytic material is their potential impact to the environment. The possible transformation products are of great concern especially if released in the environment. In some cases, as in the case of diclofenac degradation, the degradation can result in harmful constituents such as phenol derivatives. 28 Pharmaceuticals commonly have aromatic rings which, if not degraded, can form phenolic compounds that are known for their toxicity. 28 Additionally, they could form acids (as in the case of paracetamol degradation 29 ) which could alter environmental conditions causing harm to local organisms. Another concern with photocatalyst release in the environment arises due to their instability in water. The ions released during their dissolution in water can have harmful effects to the environment. 112 Thus, the photocatalysts' degradation mechanisms as they pertain to EPCs and photocatalyst stability in water need to be understood prior to their use in water treatment facilities. Additionally, generating composites and using stabilizing agents, whether natural or chemical in nature, can improve photocatalyst stability and efficiency. 113 Furthermore, by improving their stability their harmful effects in the environment can be reduced.
Despite their limitations, photocatalysts offer great possibilities in commercial applications. For example, titanium dioxide, a UV activated photocatalyst, has been introduced in commercially available water purification products and could be potentially applied to the AOPs to help degrade a variety of contaminants. With advancements in photocatalytic materials, photocatalysts are becoming increasingly more cost effective and their large-scale use more feasible. For example, a number of the reported photocatalysts are capable of utilizing low power UV or visible light to degrade EPCs. Direct comparison of many of these photocatalysts is limited due to the complexity of the reactions, such as structural and chemical properties of the photocatalyst, type and amount of the EPC, light source parameters, stirring rate, among others, which can affect the results. For instance, when TiO 2 -rGO loaded on optical fibers was used for degradation of different pharmaceuticals (ibuprofen, sulfamethoxazole, and carbamazepine) under the same concentrations (5 ppm) and same conditions (high pressure UV light of 140 W), the results were vastly different and with different reaction rates (8.98, 12.6, and 4.3 × 10 −3 /min, respectively). 114 Furthermore, use of different light sources also yielded different results in the degradation of ibuprofen (160 W high pressure UV yielded a reaction rate of 8.89 × 10 −3 /min, 39 W low-pressure UV yielded a reaction rate of 3.32 × 10 −3 /min, and 40 W visible light yielded a reaction rate of 1.33 × 10 −3 /min). With this in mind, we can safely say that the ability of a multiwall CNT with titanium dioxide photocatalyst to fully remove 10 ppm of tetracycline from water at a high reaction rate (64.2 × 10 −3 /min) utilizing a 12 W UV lamp is notable. 115 Other materials tested on 10 ppm tetracycline either required more energy to fully degrade the EPC, or did not perform as well.
While photocatalysis effectiveness is increased when UV light is utilized, numerous materials have been shown to be capable of visible light photodegradation of pharmaceuticals. 109, 114, [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] [133] [134] Although power utilization of many visible light lamps is equivalent to that of low-pressure UV lamps, the lifetime of UV lamps is significantly lower. Furthermore, with the increased availability of LED lighting options, the power of using visible light photoreactors can be greatly reduced.
Regardless of the type of lighting used, inclusion of photocatalysts in water decontamination can decrease energy requirements. Conventional techniques for removal of organic chemicals such as EPCs may require the use of AOPs, which not only are energy-intensive processes but may be unable to fully remove EPCs. Use of photocatalysts, on the other hand, has been shown to remove non-biodegradable EPCs such as carbamazepine, iopromide, and norfloxacin. 114, 119, 125, [134] [135] [136] However, as with any new technology additional research needs to be conducted examining their safety to humans and the environment before large-scale utilization. While they are highly suitable for use in indirect potable water treatment, without a full examination of their properties and environmental impact, measures should be taken to ensure they are not released in the environment.
Advanced applications of photocatalysts
In an effort to increase usability of photocatalysts, a variety of materials have been developed, namely magnetic nanocomposites and optical fiber coated materials. Magnetic composites can make the removal of the photocatalysts from water easier and more effective reducing the chance that they may unintentionally end up in the environment. Furthermore, their degradative properties have been shown to increase with the introduction of magnetic materials in the composite. 137, 138 Recently, magnetic FeNi 3 /SiO 2 /CuS has been synthesized for tetracycline removal, 139 while magnetic fluorinated mesoporous graphitic carbon nitride 140 and a magnetic TiO 2 -GO-Fe 3 O 4 137 have been synthesized for amoxicillin removal.
In addition to magnetic material, photocatalytic materials loaded on optical fibers have been developed. Immobilization of photocatalysts on optical fibers can allow light to better reach the nanoparticles as less light is absorbed by other particles present in the solution. Furthermore, the nanoparticles do not require specialized methods for recovery. TiO 2 has been successfully coated on optical fibers, which has resulted in the development of a compact, easy-to-use reactor utilizing light-emitting diodes for photocatalytic water treatment. 141 Furthermore, TiO 2 -rGO composites have also been used to coat optical fibers and have been shown to be capable of degrading pharmaceutical compounds such as sulfamethoxazole and ibuprofen. 142 Use of magnetic materials in photocatalyst composites and coating photocatalysts on optical fibers can be promising in potable water treatment. However, without modification of the existing potable water treatment plant equipment or processes, their use may not be as feasible. Inclusion of photocatalysts in membrane technologies, similar to the introduction of graphenebased material in membranes, can greatly improve the functionality of the membranes and can be easily introduced in water treatment plants. While photocatalysts can reduce fouling and degrade contaminants, they can also degrade membrane materials reducing the lifetime of the membranes. For instance, use of TiO 2 in polyacrylonitrile membranes has been determined to be unsuitable for long-term use. 143 Thus, additional research is needed to explore potential use of photocatalysts in membrane technologies.
CONCLUSIONS AND PERSPECTIVES
This review presents recent studies related to pharmaceutical removal with nanoparticles involving two different processes, adsorption and photocatalysis. We presented studies where nanomaterial demonstrated superior adsorptive or photocatalytic properties in the removal of EPCs. We also included photocatalysts modified with graphene in order to combine both properties, adsorption and degradation of organic molecules. These studies quantify EPC removal in simple solutions or in wastewater. However, most of these studies do not examine material use in actual water treatment systems. To fill the gap between fundamental research and practical applications there needs to be a focus on the potential practical applications of the different EPC removal techniques in indirect potable reuse water systems.
While EPC removal efficiencies are important, it is important to investigate at what concentration these EPCs pose a threat to humans, animals, and the ecosystem regardless of the fact that many recent research articles demonstrate high EPC removal efficiencies. Little is known about nanoparticle stability in solution, and the effects of ingestion of the particles or their solutes is largely unknown. Furthermore, the production of toxic byproducts from EPC degradation should be of concern since disinfection byproducts account for a different class of regulated contaminants. Intermediate degradation products can exhibit increased solubility as compared to that of the original contaminant, and higher toxicity values. Thus, it is important to thoroughly evaluate nanoparticle toxicity (toxic amount and maximum exposure time) and the risks associated with the employment of nanoparticles in water treatment.
Currently, AOPs are the best strategy to remove EPCs from water. However, associated costs are a major concern in communities with limited financial support. Scaling techniques to match industrial levels will be required. As seen in recent studies, inclusion of different nanomaterials in membranes or on optical fibers and use of magnetic photocatalysts result in significant EPC removal. Use of such technologies can help meet safe drinking water demands while reducing EPCs entering the environment. However, when used in indirect potable water cycles, these techniques need to break down a great variety of EPCs.
To guarantee water safety, the indirect potable reuse process requires understanding environmental and health standards. As such, the employment of recent technologies needs thorough risk assessments and health and safety evaluations performed to mitigate potential risks of the technology itself. While no legislation pertaining to EPC maximum allowable concentrations in water has been established, legislations regulating drinking water processes tend to be very strict to ensure human health and environmental safety. For instance, in an ongoing effort to maintain the safety of drinking water and lessen the effect of EPCs, the European Union has added additional requirements for pharmaceuticals whereby more extensive environmental risk assessments need to be conducted for each pharmaceutical's use to be allowed. 144 Furthermore, pharmaceutical contaminants in the environment are to be potentially monitored more extensively in order to be able to better evaluate their risk and environmental effects. Still, maximum EPC removal may be necessary, and the employment of nanotechnology in water treatment can be critical when it comes to human health and EPC persistence in environmental systems.
